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Drosophilaa b s t r a c t
One of themajor challenges in stem cell research is to decipher the controlling mechanisms/genes of
stem cell homeostasis. Through an RNAi mediated genetic screen of living animals, we identiﬁed an
evolutionarily conserved histone acetyltransferase Atac2 as a novel regulator of Drosophila intesti-
nal stem cells (ISCs). Expression of Atac2-RNAi or a dominant negative allele of Atac2 generated
more ISCs, while excessive Atac2 or a histone deacetylase inhibitor promoted ISC differentiation
without affecting ISC survival or lineage speciﬁcation. These ﬁndings extend our knowledge of epi-
genetic mechanisms in stem cell regulation.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction and can be unambiguously recognized by their large cell bodiesThe homeostasis of digestive epithelia relies on the coordinated
cell division, self-renewal and lineage speciﬁcation of local stem
cells. Disruption of the network would result in impaired tissue
regeneration and in disease. However, the controlling mechanisms
are still not fully understood.
The Drosophila midgut is becoming an attractive model system
for researchers with interests in pathology, stem cell biology and
tissue regeneration, largely due to the easy access and high similar-
ities with other species [1–5]. Its epithelial layer has a simple cell
lineage with four main cell types, including the intestinal stem cell
(ISC), enteroblast (EB), enterocyte (EC) and enteroendocrine (EE)
cells. Following one round of asymmetric cell division, one ISC
gives rise to a new ISC (self-renewal) and an EB. The EB is the pre-
cursor of two types of differentiated cells, including ECs and EEs.
ISCs are marked with Delta (Dl), a membrane-bound protein that
is capable of turning on the Notch signaling in attached EBs. EBs
can be labeled with Su(H)-LacZ, a reporter of activated Notch sig-
naling. The EEs express the transcription factor Prospero (Pros),
while the polyploid ECs make up the majority of the epithelia cellsand nuclei [6,7].
Previous works have revealed critical signaling pathways con-
trolling the Drosophila ISCs under both normal and various stress
conditions [6–17]. Interestingly, many of them are conserved in
mammals. As these signalings are also involved in various biolog-
ical processes, it would be of interest to characterize genes working
speciﬁcally in stem cells. For this purpose, we carried out an RNA
interference (RNAi) screen in the living Drosophila ISC systems
using the resources from the Vienna Drosophila RNAi Center
(VDRC). One promising candidate gene obtained from this screen
is Atac2, an evolutionarily conserved histone acetyltransferase
(HAT).
Modulation of histone acetylation is one kind of epigenetic con-
trol involved in many cellular processes. The HATs transfer acetyl
groups to speciﬁc lysine residues on histone tails, which is often
associated with active transcription. Conversely, the histone
deacetylation complexes (HDACs) reverse the reaction. Many HATs
are components of large protein complexes. Based on several re-
cent reports, the metazoan ATAC (Ada-Two-A-containing complex)
was recognized as a unique HAT complex in that it contains two
HAT proteins, Gcn5 and Atac2. The former has multiple histone tar-
geting residues, while the latter preferably recognizes H4K16 [18–
22].
Increasing evidence has revealed striking alterations of the his-
tone acetylation proﬁle during stem cell activation [23]. Surpris-
ingly, only few HAT genes have been characterized in stem cell
regulation. In this work, we provide evidence that the Drosophila
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homeostasis.
2. Materials and methods
2.1. Drosophila strains
Fly stocks used in this study were as follows: UAS-Atac2-RNAi
(VDRC47391), UAS-dGcn5i (NIG-Fly 31237R-2), UAS-Ada2ai (NIG-
Fly 4107R-1); esg-Gal4 (a kind gift from S. Hyashi); tub-GAL80tsFig. 1. Atac2 is involved in the homeostasis of Drosophila ISCs. (A–F) Adult midguts from
and Dl (red, A–D). EE cells were marked with Pros (red in nuclei, A–D). EC cells were iden
(control). (B–B0) esg/Atac2-RNAi. (C–C0) Magniﬁed views of two ISC clusters from an esg/A
area for ISC counting (the white square). (E) esg/Atac2-RNAi; one large ISC cluster contain
deﬁned area shown in (D). n = 10. (H) Average number of Ph3 + cells per gut, n = 10. (I) T
with the internal control RpL11. Data from three independent experiments are expresse(Bloomington); Su(H)-lacZ (gift from S. Bray) and hsp-ﬂp;
act > CD2 > Gal4, UAS-GFP (gift from L. Xue). A second RNAi line
targeted to a different region of Atac2, BL-32890 (Bloomington),
did not lead to a clear reduction in Atac2 RNA and was not pursued
further. For the ‘‘FLP-Out’’ experiments, ﬂies were heated for
10 min at 37 C and then put back at 25 C. To make the UAS-trans-
genic ﬂies, the full length of Atac2, Atac2DHAT, Atac2DPHD, were
cloned into the pUAST vector. Five lines for each transgene were
obtained and analyzed. For each transgene, we took one line show-
ing typical results for the experiments.ﬂies cultured at 29 C for 5 days were analyzed. ISCs were marked with GFP (green)
tiﬁed by virtue of their large cell bodies and polyploid nuclei (DAPI). (A–A0) esg/GFP
tac2-RNAi midgut. (D) One complete midgut (esg/Atac2-RNAi) showing the deﬁned
ing several Ph3 + cells (red). (F) esg/Atac2. Red: Ph3. (G) Quantiﬁcation of ISCs in the
he relative abundance of Atac2 mRNA is shown with qRT-PCR (2DDCt) normalized
d. In (G–I), error bars indicate the SE, P < 0.05.
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For each genotype we isolated total RNA from 10 complete mid-
guts using the standard TRIzol protocol (Invitrogen). The cardia,
malpighian tubes and hindgut were removed. We took the ﬂies
without RNAi raised in the same tube as controls (with CyO). cDNA
was synthesized using the PrimeScript 1st Strand cDNA Synthesis
Kit (TAKARA, #D6110A). PCR reactions were prepared using the
SYBR Premix Ex Taq™ II (TAKARA, #DRR820A) and run on the
PCR-IQTM5 System (Bio-Rad). Results are presented as mean-
s ± S.E. of three biological replicates. Levels of Atac2 transcripts
were normalized to that of the ribosomal protein gene RpL11.
Primers: GTCAGCAGCCAGTGTTCTC and TGGTTCACATTGTAGCCAG
(for RpL11); CTCAAACACTCGCTTACATC and CATGGCTGAAGCTT
ATGTG (for Atac2).
2.3. TSA feeding experiment
TSA was obtained from Cell Signaling (Cat #9950). To make the
TSA food, 2 ll of 4 mM stock solution was diluted in 100 ll of PBS
and poured onto 1 ml of normal ﬂy food to reach a ﬁnal concentra-
tion of 8 lM. Flies were starved in empty vial for 2 h before trans-
fer to the TSA food, which was replaced every 3 days.
2.4. Histology and image capture
Histochemical experiments were performed as described before
[12]. The following antibodies were used: rabbit polyclonal anti-
beta-Gal (1:1000; Cappel); mouse anti-Dl (1:50; DSHB); mouse
monoclonal anti-Prospero (1:50; DSHB); rabbit polyclonal anti-
GFP (1:500; Invitrogen); mouse monoclonal anti-GFP (1:500; Invit-
rogen); and rabbit anti-phospho-histone H3 (Millipore, 1:1000).
Secondary antibodies used were goat anti-mouse and goat
anti-rabbit IgG conjugated to Alexa 488 or Alexa 568 (1:400;
Invitrogen). For mRNA in situ hybridization, we used the in vitro
transcribed Dig RNA labeling kits (Roche, Cat# 11207750910 and
#11175025910) and targeted a fragment of Atac2 cDNA (GenBank
accession number: AY118521.1; PCR ampliﬁcation primers:
TATGAATTCGGTCCCAATGTGCG and ACTAAGCTTTGGCAAACGGCC-
CATG). Images were captured with the Nikon A1R si confocal
microscope system.
3. Results
3.1. Atac2 is required for the homeostasis of ISCs
To identify more regulators of ISC, we selectively screened the
UAS-RNAi strains from VDRC [10], focusing on those lines that
were lethal under the control of an actin-Gal4 driver. A temporal
expression system was used to activate RNAi speciﬁcally in ISC
and EB cells (esg-Gal4, UAS-GFP; tub-Gal80ts, referred to as esg-
Gal4ts). Adult ﬂies aged for two days were transferred from 18 to
29 C to inactivate the tub-Gal80ts. This enabled the esg-Gal4 to turn
on the expressions of RNAi and GFP [6,11]. Five days later, midguts
were dissected and checked directly under the ﬂuorescence micro-
scope. We examined the esg/GFP + cells in terms of density and
morphology, and took the esg/GFP ﬂies as wild-type controls.
In wild-type midguts, most of the esg/GFP marked ISCs and EBs
were scattered along the epithelium as single or paired cells
Fig. 1A–A0). In contrast, the density of esg/GFP + cells was higher
in the esgGal4/Atac2-RNAi samples (Fig. 1B–B0). Magniﬁed views re-
vealed the existence of many ISC clusters (esg/GFP+ and Dl+;
Fig. 1C–C0). We counted ISCs in a deﬁned area on the most poster-
ior midgut region adjacent to the hindgut (100  100 lm; Fig. 1D)
and found more ISCs in the esg/Atac2-RNAi midguts (Fig. 1G,n = 10). Phospho-Histone H3 (Ph3) was a reliable mitotic marker.
Compared with controls, there were more Ph3+ cells per gut after
expression of esg/Atac2-RNAi (Fig. 1D, n = 10). Using qRT-PCR we
found the relative abundance of Atac2 transcript to be signiﬁcantly
reduced (Fig. 1I).
To check if such phenotypes were speciﬁcally caused by sup-
pressed Atac2, we co-expressed the full length of Atac2 (Fig. 3)
and Atac2-RNAi together. Under this condition, the ISC phenotypes
were clearly neutralized: both the number and size of ISC clusters
were reduced (Fig. 2A). In addition, some weakly GFP labeled EE
(Pros+) and EC (Fig. 2A, arrowheads) cells appeared surrounding
the ISCs, which was a sign of ISC differentiation (see Section 3.2
for interpretations). We also performed mRNA in situ hybridization
to check the Atac2 transcription (Fig. 2B and C). Atac2 was ex-
pressed in most diploid cells, including the ISCs and EBs. It was also
expressed in some EC cells that were often closely associated with
the diploid ISC or EBs, suggesting they were the newly differenti-
ated cells.
To further characterize the mechanisms of Atac2 in ISC regula-
tions, we generated ‘‘FLP-Out’’ clones to express genes and stably
label the lineages [24]. After clone induction, we waited for ten
days before the analysis. This would allow most transient clones
to be lost. We examined the remaining clones that contained at
least one ISC. Interestingly, many Atac2-RNAi clones were com-
posed of several ISCs (Fig. 2E). The total cells of each clone were
about 3.1 in controls and 3.5 in Atac2-RNAi samples (Fig. 2G,
n = 30). However, the ISC numbers within each clone were 1.1
and 3 respectively (Fig. 2F, n = 30). We concluded that the expres-
sion of Atac2-RNAi suppressed the ISC differentiation pathway.
3.2. Over-expression of Atac2 promotes the differentiation of ISC
To further conﬁrm the roles Atac2 in ISC regulation, we used the
esgGal4ts system to express excessive Atac2 in ISCs. This gave rise
to many ISCs surrounded with patches of cells expressing weak
esg/GFP (Figs. 1F and 3A). These cells contained both EEs and
ECs. They represented the newly differentiated cells in which the
GFP protein had not been completely degraded.
Three days after Atac2 ever-expression, one midgut contained
on average 2.9 Ph3+ cells (n = 10). In contrast, this number was
1.3 in controls (n = 10) (Fig. 1H). At later times (day 5), the densi-
ties of ISC and PH3+ cells became similar in both samples
(Fig. 1F–H). We found many Atac2 ‘‘FLP-Out’’ clones still contained
ISCs at day 10 after clone induction (Fig. 2H); indicating Atac2 was
not required for the survival of ISCs. However, the clone size (total
cells per clone) was increased from 3.1 in controls to 5.5 in Atac2
clones (Fig. 2F and G). Taken together, these results suggest that
Atac2 is able to promote ISC differentiation, with little inﬂuence
on ISC survival or lineage speciﬁcation.
3.3. Atac2 requires both HAT and PHD domains to regulate ISC
Sequence analysis revealed Atac2 harbors an N-terminal PHD
domain and a C-terminal HAT domain (Fig. 3). Based on several re-
cent reports, the PHD domain was proposed to mediate interac-
tions with the chromatin [25]. To investigate the requirements
for these domains, we constructed transgenic ﬂies expressing dif-
ferent Atac2 alleles and forced their expression in ISCs (Fig. 3).
Atac2DHAT encodes a truncated Atac2 protein missing the HAT
motif. The esgGal4/Atac2DHAT midguts contained many small ISC-
like cell clusters (Fig. 3B). This represented an effect similar to that
seen with Atac2-RNAi, but to a milder extent. Thus, the HAT func-
tion is indispensable for Atac2 in ISC control, and Atac2DHAT
was able to ablate Atac2 functions probably by competing with
the endogenous Atac2 proteins for cofactors and/or targets.
Fig. 2. Over-expression of Atac2 promotes ISC differentiation. (A) esg/Atac2-RNAi; Atac2. Expression of Atac2 neutralized the esg/Atac2-RNAi phenotypes. Arrow: one ISC
cluster. Arrowheads: young EC cells. (B) In situ hybridization of Atac2 mRNA (red) in the midgut. Atac2 was expressed in most diploid cells and some EC cells. (C) The red
channel of B. (D–G) Analysis of the ‘‘FLP-Out’’ ISC clones aged for 10 days. (D) Two control ISC clones. (E) Atac2-RNAi. The inset shows a clone containing 6 ISCs. (F) Atac2. The
inset shows a large clone containing more than 12 cells. (G) Quantitative analysis of total cells per ISC clone. n = 30. (H) Quantitative analysis of ISCs per ISC clone. n = 30. In
both G and H, error bars indicate the SE, P < 0.05. Green: GFP; red: Dl and Pros (A, D-F); blue: DAPI (nuclei).
1492 Y. Ma et al. / FEBS Letters 587 (2013) 1489–1495In contrast, expression of Atac2DPHD did not lead to clear
abnormalities in ISCs (Fig. 3A); indicating Atac2DPHD is not a func-
tional protein. It should be noted that mammalian Atac2 does not
have the PHD domain; other co-factors in the mammalian ATAC
complexes might perform its roles. Taken together, we conclude
Atac2 needs both HAT and PHD domains to regulate ISCs.
3.4. Knockdown of other ATAC components leads to similar ISC
phenotypes
Atac2 is an integral component of ATAC, a HAT complex highly
conserved across species. We hypothesized that if Atac2 regulates
ISC through ATAC, knockdown of other ATAC components should
give rise to similar phenotypes.
Ada2a and Gcn5 are two core factors shared by all ATAC com-
plexes analyzed so far [18–21]. Interestingly, expressing the RNAi
for dAda2a or dGcn5 in midguts also generated ISC clusters
(Fig. 4). We propose that the complete ATAC complex is involved
in ISC regulation, in which Atac2 is a crucial component.
3.5. TSA promotes ISC differentiation
Trichostatin A (TSA) is a classical inhibitor of class I/II HDACs,
and can broadly elevate the histone acetylation levels [26,27].
Theoretically, TSA treatment mimics increasing the HAT activities.We used Su(H)-LacZ as an EB cell marker [6,7]. In the TSA–fed ﬂies,
the Su(H)-LacZ+ cells were apparently increased (Fig. 5A and B). In
addition, there were many young EE and EC cells labeled with
weak GFP (Fig. 5B). These results demonstrated that the ISC differ-
entiation pathway was induced. We also quantiﬁed the ISCs and
Ph3+ cells at different time points. The average number of Ph3+
cells per gut was increased from 1 at day 0 to 2.7 at day 3 following
TSA feeding (n = 10; Fig. 1H). However, the densities of ISC and
Ph3+ cells became similar with controls or ﬂies with over-expres-
sion of Atac2 when the ﬂies were continuously fed with TSA for
5 days (Fig. 1G and H). Therefore, the TSA treatment had effects
similar to those produced by over-expression of Atac2 to promote
ISC differentiation.
We also fed the esg/Atac2-RNAi ﬂies with TSA. Interestingly, the
sizes of the ISC clusters were generally reduced. In addition, many
ISCs were induced to generate young EC and EE cells (see the mag-
niﬁed view in Fig. 5C). These results revealed that TSA was able to
suppress the esg/Atac2-RNAi phenotypes, which further conﬁrmed
the importance of Atac2 mediated histone acetylation in ISC
regulations.
4. Discussion
Histone acetylation is an important mechanism during many
cellular processes. Surprisingly, very few HAT genes have been
Fig. 3. Atac2 requires both HAT and PHD domains to regulate ISC. Adult midguts from ﬂies cultured at 29 C for 5 days were analyzed. (A) esg/Atac2. Over-expression of Atac2
promoted ISC differentiation by inducing young EC and EE (arrows, marked with Pros) cells. (B) esg/Atac2DHAT. The inset represents the red channel (Dl + Pros) of the dashed
area, showing some ISC clusters. (C) esg/Atac2DPHD. No obvious abnormalities of ISCs were observed. Green: GFP; red: Dl and Pros (nucleus); blue: DAPI (nuclei). Scale bars:
50 lm.
Fig. 4. Knockdown of core ATAC components leads to similar ISC phenotypes. Midguts expressing RNAi (esgGal4ts) for 5 days were analyzed. Arrows point to the ISC cell
clusters, which were manifested by the DAPI staining. Green: GFP; blue: DAPI (nuclei).
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discovery from our RNAi screen is the identiﬁcation of Atac2 as a
new regulator of ISC. This was supported by several experiments
including RNAi-mediated gene knockdown, over-expression, dom-inant negative expression and drug administration. We also
provided evidence to show that Atac2 exerted its functions
through the ATAC complex, as knockdown of other core factors
of ATAC produced similar ISC phenotypes.
Fig. 5. TSA promotes ISC differentiation and suppresses the Atac2-RNAi phenotypes. (A) The esg-GFP/Su(H)-LacZ ﬂies fed with normal food. Su(H)-LacZ marks the EB cells,
which are also labeled with strong esg/GFP. (B) TSA treatment generated more EBs (LacZ+) and differentiated cells (marked with large nuclei and weak GFP). (C) Midguts
treated with TSA for 5 days. TSA promoted ISC differentiation in wildtype (WT) midgut. TSA also reversed the esg/Atac2-RNAi phenotypes by shrinking ISC clusters and
inducing ISC differentiation. Arrow points to some young EE cells (Pros+); two young EC cells are marked with asterisks. Green: GFP; red: LacZ (in A and B), Dl and Pros (in C);
blue: DAPI (nuclei).
1494 Y. Ma et al. / FEBS Letters 587 (2013) 1489–1495Excessive Atac2 tended to promote ISC differentiation, but did
not inﬂuence the viability or daughter cell fates of ISCs. Interest-
ingly, TSA treatment could produce similar effects, suggesting that
Atac2 and TSA might have the same downstream targets in ISCs.
TSA is a potent differentiation stimulator in both embryonic and
tissue speciﬁc stem cells. It could also induce growth arrest and
differentiation of certain tumor cells [28,29]. These ﬁndings are
consistent with the roles of TSA in the Drosophila ISCs.A global histone hyperacetylation has recently been linked with
the differentiation of mouse ES cell and several tissue-speciﬁc stem
cells [30–34]. The HDACs inhibitors were able to promote the dif-
ferentiation of various stem cells with neuronal, hematopoietic and
cardiomyocytic origins [27,35,36]. Our work also suggests that
increasing the histone acetylation favors differentiation of an
in vivo stem cell system. Next, it should be interesting to character-
ize the target genes of Atac2 and TSA in the ISCs.
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